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SECTION  I 


INTRODUCTION 


Recent  developments  in  materials  and  structures  technology  have 
begun  to  push  advanced  filamentary  composites  out  of  the  exclusive 
domain  of  research  studies  and  into  secondary  structural  hardware  in 
aerospace  systems  and  other  usage.  Hand-in-hand  with  these  developments 
there  is  a growing  need  for  reliable  methods  for  strength  and  failure 
prediction  under  complex  loading  environments.  Until  recently,  the  general 
subject  of  material  integrity  of  filamentary  composites  has  been  approached 
by  either  one  of  two  general  directions.  On  the  one  hand  there  have  been 
micromechanical  descriptions  of  failure  processes.  Numerous  studies,  both 
experimental  and  analytical,  have  been  directed  at  describing  single,  indepen- 
dent failure  mechanisms  such  as  matrix/fiber  debonding,  fiber  rupture,  matrix 
decohesion,  fiber  crippling,  ply  delamination  and  laminate  edge  effects.  These 
investigations  have  been  successful  in  providing  useful  design  tools  for  pre- 
dicting failure  when  caused  by  a single  mechanism  of  the  type  just  mentioned. 
The  practical  limitation  of  this  approach,  however,  lies  in  our  inability  to 
combine  two  or  more  of  these  mechanisms  into  an  analytical  framework 
suitable  for  describing  more  complex--and  realistic- -failure  processes.  The 
mechanism  or  mechanisms  which  govern  failure  depend  strongly 
on  the  state  of  stress  (strain)  in  a ply  or  laminate,  and  no  general  physically- 
based  theory  has  yet  emerged  which  subsumes  these  several  isolated  mech- 
anisms. Thus,  micromechanical  failure  descriptions  appear  to  be  limited  in 
principle  to  circumstances  where  a single  mechanism  is  known  a priori  to 
dominate  failure  for  a given  stress  state. 


The  second  general  method  which  has  been  used  has  been  to  construct 
abstract  mathematical  models  based  on  the  concept  of  limit  surfaces,  borrowed 
originally  from  classical  metal  plasticity  theory.  ' ^ ^ The  approach  here  is  to 
define  failure  as  the  vanishing  of  some  polynomial  stress  (or  strain)  functional, 
most  commonly  of  quadratic  form.  Symmetry  restrictions  are  imposed  lpon 
the  functional,  and  the  coefficients  are  defined  in  terms  of  familiar  tension, 
compression,  and  shear  strengths.  In  this  way,  a tensorially  correct  mathema- 
tical model  can  be  constructed  which  permits  strength  predictions  to  be  made 
for  general  stress  (strain)  states.  This  approach  suffers,  however,  in  the 
respect  that  the  mechanics  of  the  failure  processes  are  sidestepped,  with  the 
result  that  predicted  failure  loci  only  approximate  true  values. 

Recently'  ' a somewhat  different  approach  to  failure  prediction  has  been 
proposed.  It  has  been  recognized  that  what  is  needed  is  a physically  detectable 
event  or  phenomenon  which  foreshadows  final  failure  in  a laminated  filamentary 
composite.  Such  a phenomenon  might  be  likened  l o the  yield  point  in  poly- 
crystalline metals;  deformation  within  the  yield  point  is  ideally  reversible  with 
no  permanent  damage.  Once  the  yield  point  is  exceeded,  however,  permanant 


deformation  and  damage  are  done  to  the  material,  regardless  of  the  stress 
(strain'  state  causing  the  yield  point  exceedance. 


In  filamentary  composite  laminates  it  has  been  suggested  hat  first 
ply  failure  (FPF  I might  form  the  basis  for  a physical  theory  of  irreversible 
damage  valid  for  all  stress  (strain)  states.  The  FPF  theory  says,  in  effect, 
that  any  combination  of  stresses  sufficient  to  cause  local  failure  of  some  ply 
in  a laminate  constitutes  a critical  stress  state.  Stress  states  insufficient  to 
create  FPF  cause  no  permanent  damage  of  the  laminate.  Computationally, 
FPF  is  predicted  oy  using  a laminated  plate  type  of  theory  to  compute  the 
stress  (strain)  state  within  each  ply,  and  then  applying  one  or  more 
empirical  failure  criteria  to  the  plies.  This  approach  has  the  advantages 
of  a)  being  tensorially  consistent  in  applying  to  complex  stress  states, 

b)  borrowing  from  the  well-developed  body  of  laminated  plate  theory,  and 

c)  allowing  from  one  to  several  micromechanical  ply  failure  modes  to  be 
applicable  simultaneously. 

The  FPF  hypothesis  has  yet  to  be  tested  comprehensively.  Little 
experimental  data  are  available  on  the  failure  characteristics  of  laminated 
composites  under  static  multiaxial  loads.  In  the  case  of  multiaxial  fatigue 
loads,  data  are  almost  non-existent.  Thus,  in  order  to  test  the  validity  of 
the  FPF  approach,  what  is  needed  first  is  a reliabLe  method  of  subjecting  a 
laminate  to  a controlled  multiaxial  loading  state.  Beyond  this,  however,  an 
experimental  technique  is  needed  which  will  enable  the  FPF  event  to  be 
detected.  Such  a technique  should  be  sensitive  to  detecting  a local  ply  failure 
event  when  the  ply  is  within  the  laminate  thickness,  for  the  FPF  event  will  not 
always  occur  on  an  observable  surface  ply. 

The  objective  of  this  on-going  research  study  is  to  develop  experimen- 
tal procedures  ard  a data  base  to  assess  the  validity  of  FPF'  as  a criterion  for 
initia’  laminate  degradation  or  "failure".  The  research  has  involved  charac- 
terizing simple  laminates  under  biaxial  loads,  and  developing  an  experimental 
methodology  for  detecting  FPF,  first  under  monotonic,  and  later  under  cyclic 
loading.  This  is  being  done  by  subjecting  tubular  laminated  specimens  to 
various  known  stress  states.  The  stress  level  is  gradually  increased  until 
FPF  can  be  detected.  An  experimental  technique,  based  upon  the  use  of 
acoustic  emission  instrumentation,  was  developed  and  is  reported  herein. 
Since  this  technique  did  not  prove  fruitful,  the  investigators  are  developing 
alternative  methodologies  based  upon  the  application  of  dye  penetrants  and  by 
repli'  ation  techniques  in  connection  with  hysteresis  records  of  the  specimen 
at  successively  higher  stress  levels.  The  results  of  these  investigations  will 
be  r€’ported  later. 
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SECTION  II 


MATERIAL  SYSTEM  AND  SPECIMEN  FABRICATION 


1 . Prepreg  System 

The  material  system  chosen  for  this  research  study  was  Fiberite  hy-E 
1034C  high-temperature  graphite/epoxy  prepreg  tape.  This  prepreg  system 
uses  Union  Carbide's  T-300  fiber,  and  is  certified  to  meet  the  following 
Fiberite  property  specifications: 


Prepreg  Specifications 

Nominal  Values 

Res  in  Content 

40% 

Volatile  Content 

0.5% 

Ply  Thickness  (cured) 

. 005  inches 

Gel  Time  at  340°F 

1 1 minutes 

Composite  Properties 

75  °F 

350°F 

Tensile  Strength 

235.  0 

200.  0 

Tensile  Modulus 

23.  5 

23.5 

Flexural  Strength 

270.  0 

220.  0 

Flexural  Modulus 

23. 0 

23.  0 

Short  Beam  Shear  Strength 

16. 0 

9.  5 

Specific  G ravity 

1. 60 

Fiber  Volume 

65% 

This  material  system  is  in  wide  use  at  the  present  time.  It  is 
currently  being  used  by  Rockwell  International  in  the  Fabrication  of  the  Space 
Shuttle  payload  bay  doors,  McDonnell  Douglas  Astronautics  in  the  Space  Shuttle 
aft  propulsion  system  structure,  and  by  Lockheed  Missiles  and  Space  Division 
in  the  C4  Trident  interstage  structure,  as  well  as  other  hardware  and  research 
pr  ojects . 


These  data  were  obtained  from  composites  which  were  fabricated  by  standard 
autoclave  techniques  using  100  psi  augmented  pressure.  All  strength  values  are 
reported  in  X KP  psi  units,  all  moduli  are  X 10"  psi. 


2 . T u b e I'  a b r i c at  i u n 


Four-ply  laminated  tubes  were  fabricated,  in  three  different  layup 

orientations,  having  a nominal  outer  diameter  of  1.013  inches,  and  a trimmed 

length  of  10.  0 inches.  The  three  layups  chosen  for  fabrication  and  test  were: 

rOT  , rO/901  , and  T±451  . 

4 s s 


Processing  details  have  been  given  elsewhere.*  ^ The  procedure 
involves  fitting  a hollow,  perforated  mandrel  with  an  elastomeric  bladder, 
and  then  wrapping  the  prepreg  tape,  together  with  appropriate  vent  and 
bleeder  materials,  around  the  mandrel.  This  assembly  is  then  placed  inside 
a split  female  mold,  and  the  mandrel  pressurized  from  within  during  the  cure 
cycle.  The  details  of  this  procedure  are  described  by  the  following  steps: 


1)  Prepare  template  for  layup. 

2)  Layup  prepreg  to  desired  orientation. 

3)  Prepare  mandrel  by  applying  a release  coat  of  MS- 136. 

4)  Spiral  wrap  vent  cloth  over  mandrel. 

a.  Wrap  a teflon  film  perforated  on  2 -inch  center  over  vent 
cloth. 

b.  Spiral  wrap  one  ply  of  Mochburg  paper  bleeder  over  vent 
film. 

c.  Wrap  one  ply  of  TX1040  separator  cloth  over  bleeder. 

5)  Roll  layup  onto  mandrel. 

6)  Tape  both  ends  of  layup  to  prevent  resin  loss  allowing  approximately 
2-inches  of  vent  to  extend  beyond  layup. 

7)  Place  layup  in  female  mold.  Place  mold  in  oven  and  proceed  with 
cure  cycle  according  to  Fiberite  specification: 

350°  F (specimen  temperature)  for  2 hours  at  90  psig;  then  cool 
to  150°  F under  above  pressure. 

Up  to  now,  about  30  tubes  have  been  fabricated.  Due  to  the  extremely 
fragile  nature  of  the  4-ply,  0°  tubes,  seven  were  damaged  during  removal  of 
the  bleeder  and  vent  cloth  from  inside  the  specimens.  This  problem,  however, 
has  been  solved  by  replacing  the  nylon  vent  film  with  a teflon  fiurocarbon  film. 
The  teflon  film  ensures  a better  release  between  the  vent  cloth  and  bleeder  ply 
thus  making  it  possible  to  remove  the  vent  cloth  and  bleeder  as  separate  units, 
which  then  places  less  transverse  peel  stress  on  the  specimen. 


I 
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One  other  problem  area  concerning  tube  fabrication  was  encountered 
in  achieving  a clean  butt  joint  in  the  90°  plies  of  the  [0/90]g  tubes.  Three 
[0/901  tubes  were  rejected  due  to  the  variable  wall  thickness  in  the  area 
of  the  overlaps  in  the  two  90°  plies.  This  problem  was  eliminated  by  wrap- 
ping the  90°  plies  in  one  continuous  piece  with  the  overlap  being  in  a 360- 
spiral  wrap  from  end  to  end  of  the  specimen. 

After  the  tubes  are  fabricated  and  trimmed  to  size,  they  must  be 
tabbed  insids  and  outside  at  either  end  for  insertion  into  the  hydraulic  grip 
system.  The  tubes  have  a finished  length  of  10.0  inches,  and  2.5  inch  long  tabs 
are  placed  at  either  end,  leaving  about  5.0  inches  of  gage  length.  Initial 
efforts  at  tabbing  involved  placing  a wet  layup  of  glass  or  Mochburg  paper 
in  the  tab  areas,  curing,  and  machining  to  tolerance.  This  procedure  proved 
time-consuming  and  expensive,  as  well  as  providing  a tab  that  was  too  stifi 
in  the  hoop  direction  to  permit  the  compensating  feature  of  the  hydraulic 
grip  system  to  function  effectively.  Therefore,  efforts  were  made  to  develop 
an  improved  tabbing  technique. 

The  procedure  currently  being  used  results  in  a cast  tab  of  neat 
resin  Epon  815,  using  curing  agent  U.  Figures  l and  2 show  diagrams  of  the 
tab  molding  apparatus.  Basically,  the  tube  is  guided  downward  through  a split, 
close-fitting  outer  sleeve,  until  the  tube  seats  and  is  accurately  aligned  concen- 
trically between  the  outer  sleeve  and  a mandrel  insert;  these  concentric 
cylinders  form  the  mold  for  the  neat  resin.  The  resin  is  then  introduced, 
cured,  and  then  the  tube  removed  with  both  tabs  on  one  specimen  end  in  place, 
requiring  no  further  work  to  bring  them  in  tolerance.  The  specific  tab  proces- 
sing details  are  summarized  as  follows: 

1)  Specimen  is  sanded  and  wiped  clean  with  M.E.K.  in  tab  area 

2)  Mold  is  preheated  to  120°  F. 

3)  Resin  is  mixed  (Epon  815  and  20%  of  curing  agent  U.  ) 

4)  Mixture  is  then  placed  in  vacuum  and  degassed  until  al'  air 
is  removed. 

5)  Mixture  is  then  poured  into  mold,  and  tube  is  placed  into  mold  where 
it  remains  until  cure  is  complete. 

6)  Same  steps  repeated  for  opposite  end  of  tube. 

Three  tab  systems  were  tried  using  this  approach:  /7S1  dry  glass,  impreg- 

nated with  Epon  8 15  resin;  three  plies  of  1009-3h  Scotch  ply  with  [0/90/0 
orientation;  and  three  plies  of  Mochburg  paper  bleeder,  impregnated  with 
Epon  815  resin. 


T AP-  MOLD  MAN  DUEL  (WSFPr 


3. 


Flat  Panel  Fabrication 


Four  panels,  each  measuring  11  inches  by  4 inches,  were  fabricated 
for  purposes  of  making  coupon-type  specimens.  The  panels  were  processed 
in  a blanket  press  using  the  same  cure  cycle  as  was  used  in  tube  processing. 
One  pl\  of  vent  cloth  (perforated  on  2-inch  centers)  and  one  bLeeder  ply  were 
used  on  either  side  of  the  layup  during  cure.  The  four  layups  that  were  pre- 
pared were  [01  , [90 , [0/90, /0],  , and  [±  T 45^  After  fabrication 

the  laminate  plate  was  trimmed  and  squared,  and  areas  to  be  tabbed  were 
sanded  with  IgO  grit  sandpaper  and  wiped  clean  with  MEK  or  acetone.  A 
liquid  adhesive  was  then  applied  to  bond  the  tabs  onto  the  panel.  The  panel 
was  cut  into  3/4-inch  wide  tensile  specimens  using  a diamond  slitting  blade. 

The  tabs,  which  are  bonded  to  the  laminated  panel  before  cutting  the 
specimens  from  the  panel,  were  fabricated  of  unidirectional  glass  tape 
S oleh  Ply  1009-36  E Glass,  3M  Company).  The  tape  was  laminated  into  a 
7-ply  strip  [( 0/9 0 ) / 0]  0.  055 -inch  thick.  Alter  cure,  the  strip  w • 
machined  into  a 1-1/2  - inch  wide  tab  strip  with  a 35°  chamber  along  one  side. 


Epo xi-Patch,  manufactured  by  the  Hysol  Division  of  the  Dexter  Corporation. 

Og  ifc 

6 - inch  diameter,  0.  025-inch  thick,  manufactured  by  Elgin  Diamond  Products 
of  366  Bluff  City  Blvd.  , Elgin,  Illinois. 
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SECTION  III 


PLY  CHARACTERIZATION  WITH  TUBES  AND  COUPONS 


1 . Test  Methodology 

Tubular  specimens  were  instrumented  with  two  350  ohm  strain  gage 
rosettes  mounted  centrally  on  the  tube,  180  degrees  apart.  Each  rosette 
consisted  of  three  strain  gages  oriented  at  0,  45,  and  90  degrees  to  the  tube 
axis  providing  for  measurement  of  axial,  hoop,  and  shear  strain.  1 he 
six  gages  were  wired  into  a switching  circuit  with  data  displayed  on  a 
dig  it  il  voltmeter  and  recorded  in  tabular  form.  Specimens  were  loaded, 
under  load  control,  short  of  failure  two  times  before  being  broken  during 
the  final  loading.  Testing  was  done  in  ' n SwRI  Electro-Hydraulic  Biaxial 
Machine  equipped  with  the  servo-hydraulic  grip  system  developed  earlier 
under  Air  Force  sponsor sh ip.  1 The  test  set  up  is  shown  in  !•  igure  3 . 

Initial  testing  was  delayed  by  the  premature  rupture  of  an  inner  grip 
sleeve  (see  Figure  4).  When  the  replacement  sleeve  also  ruptured,  if  was 
decided  to  modify  the  grip  system.  As  described  in  Reference  4,  the 
original  procedure  for  fabricating  the  inner  grip  sleeve  is  a time  consuming 
(and  therefore  costly)  process.  Basically,  the  original  procedure  required 
molding  the  segmented  met  aL-  reinforcing  sleeve  in  the  Adiprene  polymer 
material,  machining  a seal-lip  in  each  end,  and  assembling  with  an  O 
r ing  - sectional  tubing  arrangement  inside  to  effect  initial  sealing  (see  igure 
5).  Even  with  the  "O"  ring  arrangement,  however,  the  initial  seal  - as 
often  difficult  to  achieve.  To  correct  this  problem,  the  inner  g ip  sleeve 
mold  was  rebuilt  to  provide  grooves  inside  each  end  of  the  finished  grip 
sleeve.  These  grooves  accommodate  graphite- fi lied  teflon  spring-loaded 
high  pressure  seals  which  are  commercially  available.  This  method 
completely  eliminated  the  machining  operation  and  the  complicated  ’O" 
r ing  - sectional  tubing  arrangement.  The  only  assembly  involved  was  insertion 
of  the  seals  into  the  sleeves,  which  proved  to  be  a simple  operation.  1 he 
final  modification  involved  grinding  the  grip  assembly  stem  smaller  to 
accommodate  the  new  seals.  When  testing  was  resumed,  the  new  inner 
sleeve  worked  very  well,  eliminating  the  previously  encountered  initial 
sealing  problem. 

Coupon  type  specimens  were  instrumented  with  two  350  ohm  strain 
gages  to  measure  longitudinal  and  transverse  strain.  Longitudinal  tensile 
loading  was  done  with  an  Instron  Model  TTC  tensile  test  machine.  Load- 
versus -strain  plots  were  recorded  using  X-Y  plotters.  Data  Irom  both 
tubes  and  coupons  were  tabulated  and  typed  into  a Hewlett-Packard  Model 
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Figure  4.  Upper  Hydraulic  Grip  Assembly 


9830A  electronic  data  processor  for  storage  on  magnetic  tape  cassettes, 
making  later  retrieval,  reduction,  and  plotting  on  the  plotter,  a simple 
task.  The  data  shown  in  the  Appendix  were  reduced  in  this  manner. 


2 . Ply  Characterization  Using  Tubes 

In  order  to  predict  first  ply  failure  (FPF)  by  use  of  laminated  plate 
theory,  the  ply  properties  of  the  material  must  first  be  determined.  Fourteen 
[0]4  tubes  were  tested  in  uniaxial  loading  to  obtain  elastic  modulus,  Poisson's 
ratio,  and  ultimate  strength  data.  A summary  of  the  test  results,  as  well 
as  stress -strain  curves,  are  contained  in  the  Appendix. 

Four  unidirectional,  4-ply  tubes,  designated  8,  24,  25,  and  31  were 

loaded  in  axial  tension.  No  ultimate  strength  data  were  obtained,  as  the 

10,  000-pound  load  capacity  of  the  biaxial  testing  machine  would  not  have  been 

sufficient  to  cause  failure  in  the  specimens.  The  axial  elastic  modulus, 

E was  calculated  as  the  slope  of  an  axial  stress -versus -axial  strain  curve: 
xx 

A 0 

E = — — 
xx  Ac 

x 

The  principal  Poisson's  ratio,  v , was  calculated  from  an  axial  stress - 
versus -hoop  strain  curve  and  theX^lastic  modulus: 


V 

xy 


E 
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The  average  properties  thus  obtained  from  these  four  tubular  specimens  were: 

elastic  modulus,  E , of  19.3  x 10^  ksi,  and  a principal  Poissons's  ratio  of 
„ „ ..  xx 

0.  35. 

A second  set  of  five  unidirectional  4-ply  tubes,  designated  9,  12,  23, 

25  and  62  were  loaded  by  internal  pressure.  Tubes  9,  12,  23,  and  62  were 
untabbed;  that  is,  they  had  no  end  reinforcement.  Tube  number  25  was  tabbed. 
Some  difference  in  modulus  data  was  observed.  The  testing  machine  was 


The  subscript  x refers  to  the  fiber  direction,  and  y is  transverse  to  the 
fiber  direction  in  the  ply  plane. 


Tube  number  25  was  tested  first  in  axial  tension, 


later  by  internal  pressure. 
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modified  slightly  for  this  series  of  tests,  using  low  pressure  (200  psi)  air 

instead  of  the  high  pressure  (10,  000  psi)  hydraulic  intensifier  to  load  the 

specimen.  This  was  done  to  provide  more  accurate  load  control  and 

measurement  at  low  loading  pressures.  The  elastic  modulus  Eyy  was 

calculated  in  a similar  manner  as  Exx  , and  the  minor  Poisson  s ratio, 

sj  was  calculated  in  the  same  manner  as  . Accurate  determination  of 

* y x x y 

was  difficult  due  to  inaccuracies  in  measuring  the  small  values  of  the 

induced  axial  strain  . Despite  scatter  in  the  data  (see  the  Appendix), 

however,  acceptable  values  of  V were  found  and  were  in  accord  with 

values  calculated  from  the  other  orthotropic  elastic  constants:  = 

0.03,  and  Sut  =3.5  ksi. 

y 

Five  unidirectional  4-ply  tubes,  designated  to  as  11,  14,  20,  54,  and 
55  were  tested  in  torsion.  Tubes  number  11  and  20  were  broken  during  the 
first  loading  cycle.  Tube  number  11  was  inadvertently  cracked  when  an 
attempt  was  made  to  insert  it  into  the  grips.  Tube  number  20  was  acciden- 
tally crushed  in  compression  due  to  an  error  in  controller  operation.  The 
shear  moduli  G were  calculated  from  the  shear  stress -versus -shear  strain 

xy 


xy  A v 


An  average  shear  modulus  Gxy  of  0.94  x 10  ksi  and  a shear  strength 

S of  11.  1 ksi  were  obtained.  A summary  of  the  average  ply  properties 
xy 

is  shown  in  Table  1. 

3 . Ply  Characterization  Using  Coupons 

Thirteen  flat  coupon  specimens,  cut  from  the  four  different  laminate 
panels,  were  tested  in  axial  tension  to  provide  data  comparable  to  that  measured 
with  the  tubular  specimens.  A data  summary  and  the  stress-strain  curves 
are  presented  in  the  Appendix.  Average  ply  properties  measured  using 
coupon  specimens  are  shown  in  Table  2. 

4.  Discussion  of  Unidirectional  Ply  Properties 


Table  3 is  presented  in  order  to  compare  data  generated  using  coupons 
with  that  generated  using  tubular  specimens.  Certain  tests  are,  of  course, 
directly  comparable,  for  example,  internal  pressurization  of  0°  tubes  and 


j. 


f 


tensile  testing  of  90“  coupons.  In  order  to  compare  tensile  tests  of  ±45 
coupons  to  data  generated  with  tors ionally  loaded  tubes,  the  procedure 
proposed  by  Rosen  was  used. ^ 


Table  1 


Summary 


ry  of  Average  Ply  Properties  Measured  Using  [0^  Tubes 
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Table  2 

Summary  of  Average  Ply  Properties  Measured  Using 
Coupon  Specimens 
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Table  3 


Comparison  of  Average  Ply  Properties  Measured 


Property 


Using  Tubes  and  Coupons 


rO°"l  Tube  Data 


Coupon  Data 


2 14  f r 0 


6.8  /r90°l 


[±(  t45  )1 


All  strength  values  are  reported  in  ksi  units,  all  moduli  are  10  ksi. 

Rosen's  analysis  of  [±i!5]  coupons  results  in  the  following  expressions: 


xy  2(e  - e ) 

x y 
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As  can  be  seen  from  Table  3,  the  elastic  constants  measured  using 
tubes,  and  those  measured  using  coupons  are  in  close  agreement.  However, 
some  differences  in  transverse  strengths  do  exist.  The  variation  in  trans- 
verse strength  Sut  may  be  the  result  of  the  thickness  difference  between 
the  two  specimens;  the  statistical  dispersion  in  strength  values,  particularly 
in  unidirectional  ply  properties,  is  strongly  dependent  upon  specimen  thick- 
ness. Reduced  strength  values  may  also  be  attributed  to  longitudinal  crackin: 
during  specimen  preparation  (teflon  fluorocarbon  film  removal  from  inner 
surface)  or  in  handling  and  insertion  into  the  test  facility.  Thus,  satisfactory 
transverse  strenth  data  on  thin,  0°  tubes  were  difficult  to  obtain. 

When  testing  [0"  tubes  in  torsion,  it  was  noted  that  coincident  w’th 
initial  longitudinal  splitting  the  tube  showed  a spiral  distortion  resemblun:  a 
torsional  buckling  mode.  In  order  to  determine  whether  torsional  buckling 
might  be  expected  prior  to  the  onset  of  failure  with  this  [0"’^  specimen,  a 
buckling  analysis  was  made.  The  analysis  drew  from  the  results  of  Simitses, 
who  studied  the  elastic  stability  of  orthotropic  elastic  shells  under  general 
loading.  The  orthotropic  elastic  constants  given  in  Table  1 were  used  to 
predict  the  c r it ical  tor s ional  shear  strength,  Tcr>  to  create  instability  in  a 
tube  with  a given  length-to-radius  ratio  L/R.  The  results  of  this  analysis 
are  shown  in  Figure  6.  The  critical  buckling  stress  is  given  by  the  envelope 
of  the  cusps  for  each  of  the  mode  numbers  n = 2,  3,  4,  ...  used  in  the  analysis. 

Two  curves  are  given;  the  upper  curve  corresponds  to  the  first  approximation 
(Kq.  (20)  of  Reference  6),  whereas  the  lower  curve  corresponds  to  the  more 
accurate  second  approximation  (£q.  (2  1)  of  Reference  6).  As  can  be  seen 
from  Figure  6,  the  theoretical  buckling  strength  of  the  [0“]  tube  for  L/R  = 

10  is  nearly  15  ksi,  well  above  the  approximately  11  ksi  torsional  shear 
strength  developed  by  the  tubes.  These  results  indicate  that  torsional 
buckling  does  not  influence  apparent  shear  strength  on  these  tubular  specimens. 
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EXPLORATORY  DETECTION  OF  FIRST  PLY  FAILURE 


1 . Theoretical  Estimates  of  Damage  Envelopes 

In  conducting  exploratory  experiments  to  detect  first  ply  failure  (FPF  ) 
it  is  very  useful  to  have  an  analytical  model  that  will  predict,  at  least  approxi- 
mately, when  FPF  can  be  expected  to  develop  for  a particular  laminate  under 
a given  loading  state.  The  mechanics  of  the  FPF  process  are  not  yet  well 
understood  and  any  mathematical  model  built  upon  an  inadequate  base  of 
empirical  observation  is,  at  best,  speculative.  Nevertheless,  it  is  useful 
to  have  such  a model  to  help  estimate  the  region  of  load  where  FPF  may  be 
expected  to  develop. 

Currently,  laminated  plate  theory  provides  the  most  useful  and 

elementary  approach  to  FPF  estimation.  The  basic  theory  has  been  well 

(7  8)  7 

developed'  ’ ' and  widely  used,  and  need  not  be  repeated  here.  As  usually 

applied,  laminate  theory  provides  a linear  elastic  calculation  of  the  stress  states 

in  each  ply  of  an  angle  ply  laminate.  Aside  from  the  linear  elastic  assumption, 

this  approach  treats  each  ply  as  a homogeneous  orthotopic  layer,  and  assumes 

that  all  plies  deform  compatibly  under  the  action  of  the  applied  loads  so  that 

there  is  no  interlaminar  relative  displacement. 


There  are  two  modifications  of  conventional  laminate  theory  that  have 
been  suggested  as  being  necessary  to  account  more  realistically  for  stresses 
and  deformations  in  laminated  plates.  The  first  of  these  is  the  "nonlinear 
shear"  effect.  While  the  extensional  stress -strain  response  of  high  modulus 
composites  is  usually  nearly  linear  to  failure,  the  in-plane  shear  behavior  of 
a ply  is  normally  strongly  nonlinear.  This  observation  has  led  several 
investigators  ^ ^ * to  modify  conventional  laminated  plate  theory  to  account 
for  this  nonlinear  shear  effect.  Experience  with  practical  angle-ply  laminates, 
however,  suggests  that  overall  laminate  response  tends  to  be  surprisingly 
linear  despite  ply  nonlinear ity.  ( ^ ^ 


The  second  respect  in  which  conventional  laminate  theory  has  been 
modified  is  in  the  accommodation  of  initial  stresses  due  to  curing.  Typical 
epoxy  resin  composites  have  a cure  temperature  of  300°  - 350°F.  When 
the  fabricated  article  is  brought  from  cure  temperature  down  to  ambient,  the 


For  thin  quasi-isotropic,  symmetric  angle  ply  tubes  under  pure  axial  pressure, 
or  torsional  loading  the  geometric  correction  to  the  laminated  plate  theory 
to  account  for  through -thicknes s stress  variations  in  tubes  is  of  order  t/D, 
where  t is  the  specimen  thickness  ana  D is  the  specimen  diameter.  ^ 

Since  this  correction  is  small  (of  order  2%  for  the  tubes  used  in  the  present 
program)  the  terms  "plate"  and  "tube"  are  used  interchangeably  in  describing 
the  membrane  deformation  mechanics. 
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potential  exists,  due  to  differing  thermal  expansion  properties  in  the  matrix 
and  in  the  reinforcement,  and  due  to  thermally  anisotropic  ply  properties, 
for  residual  stress  systems  to  be  established  which  may  affect  mechnicai 
behavior.  Hahn  and  Pagano(14)  have  proposed  a total  strain  theory  which 
estimates  these  initial  stresses,  and  found  that  they  attain  magnitudes  of 
the  order  of  10  ksi  in  a [0/±  60''  boron/epoxy  laminate. 

In  the  present  work  the  authors  have  chosen  to  use  the  simplest 
possible  analytical  model  for  FPF  estimation.  Laminate  theory  has  bee^  used 
without  orrection  for  nonlinear  shear  or  residual  curing  stress  effects. 

FPF  is  estimated  by  applying  the  maximum  strain  criterion  to  each  ply  in 
the  laminate  to  determine  the  laminate  stress  level  at  which  some  ply  first 
reaches  its  critical  fiber,  transverse,  or  in-plane  shear  strain  level,  this 
approach  provides  a useful  initial  estimate  for  the  applied  load  corresponding 
FPF,  and  has  been  used  in  guiding  the  experimental  detection  of  FPF  by 
acoustic  emission  techniques. 

Figures  7 and  8 present  FPF  estimates  for  the  two  angle  ply  stacking 
sequences  used  in  this  research:  [0/90]g  and  [±45 , g . Their  correlation 

with  measured  FPF  levels  (if  indeed  any)  has  yet  to  be  demonstrated. 

2 . FPF  Detection  Using  Acoustic  Emission 

To  measure  first  ply  failure  (FPF),  tubes  were  each  instrumented 
with  two  550-ohm  3-gage  rosettes  and  two  acoustic  emission  transducers 
• ee  Figure  9).  Each  transducer  consisted  of  a disk  of  piezoelectric 
ceramic  PZT-5  with  a silicon  rubber  housing.  The  transducers  were  resonant 
at  the  frequency  of  200  kHz.  Figure  10  is  a diagram  of  the  system.  The 
■ "it put  from  each  transducer  was  fed  into  a high-input  impedance,  low 
noise  level  preamplifier  through  a short  coaxial  cable.  As  a signal  conditioner, 
a bandpass  filter,  having  a response  in  the  frequency  range  from  100  to  300  kHz 
was  used  together  with  a solid  state  amplifier  to  achieve  a gain  for  the  overall 
system  which  could  be  varied  from  60  to  90  dB.  From  there,  the  signal  was 
fed  into  a band  pass  filter  and  into  a coincident  gate.  Signals  were  then 
counted  by  a digital  counter,  passed  to  a digital -to-analog  converter,  and 
recorded  on  a 4 channel  Biomation  wave  form  recorder.  Output  from  the 
coincidence  gate  was  also  passed  to  a fr equency-to-voltage  converter  and 
recorded  on  a separate  channel  of  the  waveform  recorder. 

This  instrumentation  system  is  capable  of  delivering  cumulative 
. omit  riata  from  acoustic  emissions  generated  in  the  gage  section  as  defined 

A'  the  time  of  witing  this  report  the  model  was  being  modified  to  account 
for  thermal  pre-strain,  which  has  the  effect  of  increasing  the  predicted  FPF 
stresses. 


by  the  wave  speed  and  the  time  delay  characteristic  of  the  coincidence  cate. 
Ultrasonic-  resonance  tests  of  [0]  , '±45'  and  [0/90]  tubes  provided 

wave  speeds  all  very  close  to  <1  x -’O'  in /sec  . During,  initial  i per  in.  n»  with 
the  acoustic  emissior  equipment,  the  coincidence  gate  was  varied  fr-  : 

1"  to  60  microseconds. 

3.  Preliminary  Test  Results  on  [0/90’  Tube - 


Two  [0/90]  tubes,  numbered  15  and  16,  were  instrumented  for 
strain  and  acoustic  emission,  and  tested  by  axial  ten.' ion.  Elastic  modulus, 
Poisson's  ratio,  ultimate  strengths,  and  stress  - strain  curves  for  these  tubes 
arc  shown  in  the  Appendix.  The  average  properties  measured  during  testing 
are  listed  in  Table  4. 


Table  4 

Average  Properties  Measured  Using  '‘0/9 CP  lubes 


E = 8. 9 x 10"  ksi 

XX 


78.3  ksi 


. 06  I 

Tube  number  15  was  tested  first,  with  the  acoustic  emission  sensors 
spaced  2 inches  apart  centrally  on  the  tube.  The  coincidence  gate  was 
set  at  10  microseconds.  Two  loadings  were  made  to  2000  pounds  load 
(25.  i ksi  stress  level).  Little  acoustic  activity  was  observed.  Second, 
loading  was  to  54  ksi.  A considerable  increase  in  acoustic  activity  was 
observed  beginning  at  approximately  50  k i,  nun.  !ed  bv  small  lights  in  each 
sensor  circuit  which  indicate  pulses.  The  . . > were  n : counted,  however, 

implying  that  the  bursts  were  not  originating  "tw.  er  the  sensors.  When  the 
specimen  was  loaded  to  failure,  the  activity  iin  began  at  approximately 
50  ksi,  and  increased  in  intensity  until  the  - 1 _ . • 1 conditioner  amplifiers 
were  saturated.  Failure  in  the  specimen  urrH  1 inch  from  the  end  of  the 
tab.  or  about  1 inch  outside  the  region  moiiii  red  in  the  a<  oustic  emission 
sensors. 

To  monitor  more  of  the  tube  gage  section  for  the-  second  test,  coin- 
cident gate  time  was  increased  to  60  microseconds,  ml  the  sensors  were 
spaced  4 inches  apart  on  tube  number  16.  Ir.  h.  pe  of  avoiding  saturation, 
overall  sensitivity  of  the  system  was  reduced  by  decreasing  amplification  in 
the  signal  conditioner.  Test  results  were  about  t lie  same,  however,  with 
observed,  uncounted  activity  taking  place  at  50  ksi  and  above.  I ube  number 
16  failed  i/4-ineh  from  the  end  tab,  again  outside  the  monitored  gage  sc<  tion. 
This  would  account  for  activity  being  picked  up  ' \ the  sensors  but  not  counted. 

21 


0 


22 


. Block  Diagram  of  the  Acoustic  Emission  System 


Work  done  thus  far  on  this  program  has  resulted  in  a capability  for 
routine  manufacture  of  thin-walled  graphite/epoxy  tubes  of  controlled  high 
(65  - 70%)  fiber  volume.  These  tubes  have  good  dimensional  tolerance  in 
both  wall  thickness  and  roundness. 

A simpler  end  tabbing  procedure  has  been  developed  and  used  for 
loading  these  tubular  specimens  with  hydraulic  grips.  Successful  molding 
of  neat  epoxy  resin  tabs,  eliminating  machining,  has  reduced  the  time  spent 
between  specimen  manufacture  and  testing  from  several  weeks  to  a few  days. 

The  physical  ply  properties  of  this  material  system  have  been  measured 
and  correlated  with  both  tubular  and  flat  coupon  specimens.  Angle  ply  laminates 
were  tested  and  verified  with  computed  modulus  values,  using  laminated 
theory  and  the  ply  properties  measured  previously. 


Exploratory  research  using  acoustic  emission  has  shown  that  this  may 
be  a useful  tool  in  predicting  FPF.  Initial  results  provided  only  qualitative 
results,  however,  because  both  specimens  failed  outside  of  the  monitored 
gage  section.  Laminated  plate  theory  predicted  FPF  in  [0/901  tubes  at 
approximately  27  ksi  axial  stress.  Acoustic  emission  activity  did  not 
become  evident  until  an  axial  stress  level  of  50  ksi  was  reached.  Further 
work  needs  to  be  done  on  both  analytical  failure  prediction  and  on  the  acoustic 
emission  measurement  system  in  order  to  resolve  this  difference. 
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APPENDIX 

Stress -Strain  Curves : Tubes 


TEST  DATA  FOR  TUBULAR  SPECIMENS 
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